Abstract: We measure dynamics of the helical ordering in the Lanthanide metal Dy resulting from transient changes in the conduction electron Fermi surface and subsequent scattering events that transfer the excitation to the core spin. Lanthanide metals exhibit a variety of magnetic phases due to competition between spin-orbit coupling, magnetoelastic effects, and long-range exchange coupling mediated by the indirect RKKY (Ruderman-Kittel-Kasuya-Yoshida) interaction [1] . The nature of the exchange interaction creates a composite spin system comprised of closely coupled conduction and core electron spins that account for the majority of the magnetic moment. Helical or conically ordered phases, where the magnetic structure is characterized by a non-zero ordering wavevector, are created by competing symmetric and antisymmetric long-range exchange interactions, where the exchange interactions are determined by the spatial distribution of the conducting electron wave-functions. We use optical pump/x-ray probe spectroscopy on an epitaxially grown yttrium(Y)/dysprosium(Dy)/yttrium(Y) multilayer film to study the dynamics of the core-level spin spiral in response to excitation of the conduction electrons responsible for the exchange interactions. We measure the helical order parameter using resonant x-ray scattering, which provides a direct probe of the core-spin helical ordering through direct optical transitions between atomic core levels and the valence f-orbital [2] . A 1.5 eV excitation pulse creates a hot electron distribution in the Y layer and results in ultrafast injection of unpolarized spins into the 500 nm Dy film via nonequilibrium diffusion [3] . Figure 1 shows the dynamics of the spiral diffraction peak at 105 K. The dynamics of the diffraction peak, consisting of the onset of the excitation and subsequent recovery, are faster than the corresponding shifts in scattering wavevector. The initial response of the helix is characterized by a reduction of diffraction intensity (I) occurring on a 200 ps time scale, and an increase of the peak wave-vector (q) occurring on a 1 ns time scale. Both q and I recover on time scales of several ns. The parameters I and q are determined by fitting the diffraction peak with a Lorenztian function.
Lanthanide metals exhibit a variety of magnetic phases due to competition between spin-orbit coupling, magnetoelastic effects, and long-range exchange coupling mediated by the indirect RKKY (Ruderman-Kittel-Kasuya-Yoshida) interaction [1] . The nature of the exchange interaction creates a composite spin system comprised of closely coupled conduction and core electron spins that account for the majority of the magnetic moment. Helical or conically ordered phases, where the magnetic structure is characterized by a non-zero ordering wavevector, are created by competing symmetric and antisymmetric long-range exchange interactions, where the exchange interactions are determined by the spatial distribution of the conducting electron wave-functions. We use optical pump/x-ray probe spectroscopy on an epitaxially grown yttrium(Y)/dysprosium(Dy)/yttrium(Y) multilayer film to study the dynamics of the core-level spin spiral in response to excitation of the conduction electrons responsible for the exchange interactions. We measure the helical order parameter using resonant x-ray scattering, which provides a direct probe of the core-spin helical ordering through direct optical transitions between atomic core levels and the valence f-orbital [2] . A 1.5 eV excitation pulse creates a hot electron distribution in the Y layer and results in ultrafast injection of unpolarized spins into the 500 nm Dy film via nonequilibrium diffusion [3] . Figure 1 shows the dynamics of the spiral diffraction peak at 105 K. The dynamics of the diffraction peak, consisting of the onset of the excitation and subsequent recovery, are faster than the corresponding shifts in scattering wavevector. The initial response of the helix is characterized by a reduction of diffraction intensity (I) occurring on a 200 ps time scale, and an increase of the peak wave-vector (q) occurring on a 1 ns time scale. Both q and I recover on time scales of several ns. The parameters I and q are determined by fitting the diffraction peak with a Lorenztian function.
The three temperature model is often invoked to describe the dynamics of magnetic systems in terms of energy transferred between electronic, lattice, and spin degrees of freedom. Dynamically, the relation between I and q differs from the I/q relationship in equilibrium, and thus a model based on an effective spin temperature is inadequate for describing this system. We employ a Gross-Pitaevski (GP) model, wherein the dynamics of I and q are coupled, resulting from changes in the free energy [4, 5] . For a helical magnetic system, the dynamics are given by:
The parameters J 1 and J 2 are the effective nearest and next-nearest neighbor coupling between core spins that stabilize the helical phase, and γ m,q are damping parameters. The coupling J 2 appears through θ , which is the equilibrium turn angle of the helix given by cos(θ ) = J 1 /4J 2 . The observed dynamics I and q are described by introducing timedependent parameters J 1 (t) and J 2 (t) into equations 1 and 2 such that the derived m and q match the data.
In equilibrium, the Fermi surface has extended regions in which electrons can scatter from φ (k) to φ (k + q), which combined with the exchange interaction between core and conduction spins, leads to helical ordering of the core spins with wave vector q. The temperature dependence of q results primarily from the dependence of the helical ordering energy gap on thermal fluctuations of the basal plane magnetization, leading to a re-shaping of the Fermi surface as the thermal fluctuations are frozen out [6] .
The hot electrons create an excitation at k = 0 in the conduction spins, perturbing the magnetic ordering but preserving the Fermi surface nesting q. The induced disorder of the conduction spins reduces the number of quasi-elastic k → k + q scattering events where spin angular momentum is conserved, and increases k → k + q scattering involving changes in angular momentum. The core/conduction exchange couples this angular momentum scattering to the core helix, propagating spin disorder to the core spins, but not initially changing the favored helical wave-vector. The spin-disorder changes the favored shape of the Fermi surface, driving the dynamics of the helical state.
Within the GP model, the dynamics of the parameters J 1,2 emulate the dynamics of the conduction electron Fermi surface, and the damping parameters given by γ m,q model the scattering mechanisms that drive the spin-ordering to match the Fermi surface. We will discuss the temperature and pump fluence dependence of the dynamical exchange constants within the GP model, and show that the dynamics of the spin helix are the result of relaxation of the spins to match a changing free energy surface.
The dynamics of the helical phase in response to transient unpolarized spin injection differ significantly from those in the ferromagnetic phase due to the relationship between the core spins and conduction electron Fermi surface nesting. The dynamics of the helical phase result from indirect excitation to the finite wave-vector ordering through a fundamentally different process than those that drive ultrafast dynamics in the ferromagnetic phase. The helical phase dynamics occur through primarily through a process similar to a damping mechanism, rather than through direct on-site coupling through spin-orbit or exchange coupling.
